Abstract Urinary tract infections (UTI) are less common in men than in women, and uropathogenic Escherichia coli (UPEC) is the most frequent etiological agent. Recurrent UTI in men have often been reported as a relapse with the same strain as the index infection. The persistence of the same E. coli strain within the urinary tract has often been explained by a prostatic focus. The aim of this study was to determine whether recurrence was associated with relapse or reinfection and the possible effect of treatment on the content of virulence factors of the isolates causing these infections. Thirty E. coli isolates were collected from 15 patients with a febrile UTI having a bacteriological recurrence during long-term follow-up. These isolates were analyzed by pulsed-field gel electrophoresis (PFGE) and virulence profiling in order to determine whether they constituted relapse or reinfection. Five recurrences were categorized as relapse and nine as reinfections. The results obtained showed that the horizontal transfer of virulence factors contained in a pathogenicity island had occurred in one isolate. This event is possible in vivo and allows bacteria to become more virulent and, perhaps, cause greater damage. The acquisition of virulence genes by horizontal gene transfer is an ongoing process of evolution that continuously leads to new bacterial pathotypes.
Introduction
In general, urinary tract infections (UTI) are less common in men than in women. Uropathogenic Escherichia coli (UPEC) is the most frequent cause of UTI in men as in women. In comparison to commensal strains, UPEC present several virulence factors that allow them to colonize host mucosal surfaces, injure and invade host tissues, overcome host defense mechanisms, and initiate an inflammatory response in the host. Previous studies have shown that UPEC in male febrile UTI are enriched for virulence-associated characteristics as compared with fecal isolates [1, 2] .
Recurrence is a common problem in male UTI, even in patients without structural or functional abnormalities within the urinary tract [3] . The persistence of the same E. coli strain in the urinary tract may be caused by a chronic bacterial focus and chronic bacterial prostatitis is considered to be the main cause of recurrent UTI [4] . In the acute episode of a febrile UTI, it has been demonstrated that the prostate is involved in more than 90% of the cases [5] . Moreover, it has been reported that, after an episode of acute prostatitis, cultures of expressed prostatic secretions remain positive 3 months after the end of 6 weeks of therapy in one-third of the men [6] . This may be related to the capacity of bacteria to form biofilm structures [7] . Biofilm can promote persistence in the urinary tract and on biomaterial surfaces by protecting bacteria from the clearing out effect of hydrodynamic forces and the killing activity of host defense mechanisms and antibiotics [8] . In the last several years, fluoroquinolones have been the antimicrobial treatment of choice in febrile UTI and acute bacterial prostatitis. Quinolones can induce the loss of virulence factors contained in pathogenicity islands (PAIs) or the whole island [9] . PAIs occupy relatively large genomic regions and may also be part of plasmids or bacteriophage genomes. Most PAIs cover DNA regions of ≥10-200 Kb and carry virulence factors, including: adherence factors, toxins, iron uptake systems, invasins, modulins, effectors, and type III or IV secretion systems [10] . Several PAIs have been described in three UPEC strains [11] . In some pathogenic bacteria, virulence factors contained in PAIs contribute to pathogenic potential, whereas in other, non-pathogenic bacteria, the same factors may be important for survival and replication in particular ecological niches, where they do not have any pathogenic potential [12] .
This study analyzed E. coli clinical isolates causing febrile UTI in men collected prior to and after treatment with ciprofloxacin. The aim of this study was to determine whether recurrence was associated with relapse or reinfection and the possible effect of treatment on the content of virulence factors of the isolates causing these infections.
Materials and methods

Patients and bacteria
E. coli isolates were collected from men who presented febrile UTI at the Department of Infectious Diseases, Sahlgrenska University Hospital, Göteborg, Sweden. They constitute a subsample of men with E. coli febrile UTI prospectively followed for at least 1 year having a symptomatic or asymptomatic E. coli recurrence [3, 5, 13] . The first isolate from each patient was collected prior to the initiation of antimicrobial treatment and the second was obtained after initial treatment with ciprofloxacin The University of Göteborg Research Ethics Committee approved the study protocol. The experimentation guidelines of the authors' institutions were followed in the conduct of the clinical research. All participants granted informed consent.
Genetic analysis
The E. coli isolates collected from each patient were analyzed by repetitive extragenic palindromic sequence polymerase chain reaction (REP-PCR) [14] and pulsed-field gel electrophoresis (PFGE) [15] using XbaI as the restriction enzyme to determine a possible epidemiological relationship. Isolates with the same REP and PFGE profiles were considered to belong to the same strain.
Multilocus sequence typing (MLST)
Internal fragments of the following seven housekeeping genes were amplified with specific primers and reaction conditions essentially as described at the MLST website [16] , maintained by the Max-Planck-Institut für Infektionsbiologie (http://mlst.ucc.ie): adk (adenylate kinase), fumC (fumarate hydratase), icd (isocitrate/isopropylmalate dehydrogenase), purA (adenylosuccinate dehydrogenase), gyrB (DNA gyrase), recA (ATP/GTP-binding motif), and mdh (malate dehydrogenase).
Minimum inhibitory concentrations (MICs)
The MICs of ciprofloxacin were determined by Etest (AB Biodisk, Solna, Sweden) following the manufacturer's recommendations. E. coli ATCC 25922 and 35218 were used as the control strains.
Determination of phylogenetic group and detection of virulence factors
The E. coli phylogenetic group was determined with the use of a 3-locus PCR-based method [17] . The presence of the virulence factors: hemolysin (hlyA gene), cytotoxic necrotizing factor (cnf1), aerobactin (aer gene), type I fimbriae (fimA gene), P-fimbriae (papA and prs genes), and yersiniabactin (fyu gene), siderophore (iroN), S-fimbriae (sfa1), and heatresistant hemoagglutinin (hra) was analyzed by PCR using gene-specific primers [18] .
"In vitro" biofilm assay
Biofilm assay was carried out using minimal glucose medium (M63) [7] . The strains were grown overnight in LB medium at 37°C without shaking. An aliquot (1.25 μl) of the overnight culture was subcultured in 125 μl of M63 medium with 1% of LB in each well of a polystyrene microtiter plate and incubated at 30°C overnight without shaking. Then, 1.25 μl of each culture was subcultured again in 125 μl of M63 medium in a new polystyrene microtiter plate and incubated as cited above. After 24 h, the culture was removed from the plate and the biofilm was stained with 175 μl of violet crystal for one minute, washed with 1× PBS, and air-dried for about 1 h. The stain was solubilized in dimethyl sulfoxide (DMSO) to measure the absorbance at A 550 in an automatic spectrophotometer (Anthos Reader 2001, Innogenetics, Spain). The result was considered to be positive when the absorbance was >4-fold the value obtained in the well containing bacteria-free medium. All of the assays were carried out in duplicate using positive and negative controls.
Genome sequencing
The genome from the 14A and 14F isolates was sequenced with the SOLID procedure and compared to E. coli CFT073 and to each other. For this purpose, 25 μg of DNA were used to perform the mate--pair library with an insert size of about 2-3 Kb following the standard protocol of Applied Biosystems.
Pathogenicity island (PAI) analysis
The structures of the PAI acquired by the 14F strain was studied by PCR using specific primers to amplify the different operons found in the PAI-II of the J96 E. coli strain and comparing these with the PAI presented in the fecal strains collected at the same time as 14F. The primers used are listed in Table 1 .
Results
Fourteen men with febrile UTI were studied. We analyzed one isolate before beginning antimicrobial treatment and one isolate collected at the first bacteriological recurrence following treatment. The treatment consisted of 500 mg of ciprofloxacin twice daily. The length of ciprofloxacin treatment ranged from seven to 42 days. The recurrence occurred from one week to two and a half years after stopping initial antibiotic treatment; no relationship was found between the time to recurrence and the presence of relapse/re-infection. The type of recurrence was febrile UTI (FU), pyelonephritis (PY), cystitis (CY), and asymptomatic bacteriuria (ABU) in six, one, two, and five cases, respectively ( Table 2) .
The 30 E. coli isolates were analyzed by PFGE and REP-PCR in order to determine the epidemiological relationship between the first and second isolates. The profiles generated showed that the two isolates were completely similar and were considered as relapse in only five patients (33.3%), while the first isolates collected from the other nine patients (66.6%) were different from that collected after treatment, considering these cases as re-infections (Table 2) .
Phylogenetic group B2 was the most frequent group among the strains studied (65%), followed by phylogenetic group D (17%), and A and B1 (9% both). The frequency of the different virulence factors studied was as follows: fyu (83%), P-fimbriae (65%), hly (52%), hra and aer (48%), sfa (43%), iroN (39%), cnf1 (35%), and sat1 (26%) ( Table 2) .
The MIC to ciprofloxacin in the isolates causing relapse was analyzed. It was found that the MIC in the isolate collected before treatment was lower than that observed in the isolate collected after treatment with ciprofloxacin, except in isolate 28, although the difference was only one dilution (Table 2) .
When the isolates causing relapse from each patient were compared, the virulence profile was similar in all cases except one. However, in the case of isolates 14A and 14F, the former (14A) lacked hly, cnf1, hra, and P-fimbriae compared to the second isolate (14F). These four virulence RL, relapse; RI, reinfection. PFGE, pulsed-field gel electrophoresis hly, hemolysin; cnf, cytotoxic necrotizing factor 1; sat, autotransporter; hra, heat-resistant hemoagglutinin; papC, P-fimbriae; sfa, S-fimbriae; fyu, yersiniabactinreceptor; aer, aerobactin; iroN, catecholate siderophore receptor determinants are contained in a PAI; therefore, acquisition of this island could have taken place. To prove the similarity between the isolates 14A and 14F MLST analysis was carried out. The results obtained confirmed that they were, indeed, the same strain and were related to the ST1533 clone (adk76, fumC13, gyrB9, icd13, mdh17, purA76, and recA9). Three E. coli fecal isolates collected from this patient at the same time as the first isolate and another three collected at the same time as the second isolate were studied in order to determine the possible origin of this PAI acquisition. The three isolates collected at the same time as 14A were genetically different to this isolate, but were very similar to each other. The same occurred with the three isolates collected at the same time as 14F (Fig. 1) . More virulence factors were observed in the isolates of urinary than fecal origin (Table 3) .
The 14A and 14F isolates were studied in more detail. The whole genome from both isolates was sequenced and compared. The 14F isolate presented 50.5 Kb (92 genes) more than the 14A isolate. The 14F isolate had not only acquired the virulence factors mentioned above (hly, cnf1, P-fimbriae, and hra genes) but also the F17 fimbrial protein, the CCT family cytotoxin, the Aec63 protein belonging to an selC-associated genomic island, one of the ler regulators (perC gene), a DNA-binding transcriptional regulator (agaR gene), and genes encoding an exporter channel (ygg genes) ( Table 4 ). To determine the structure of this PAI and to compare it with the PAIs presented in the fecal strains collected at the same time as the 14F isolate, we used a PCR assay using specific primers for the main genes and operons contained in this island (which seems to be similar to PAI-II of the J96 strain). The PCR products were sequenced and the results obtained showed that the PAI acquired by the 14F strain was similar to that of the fecal isolates and similar to the PAI-II of the E. coli J96 strain. A scheme of this structure is shown in Fig. 2 . However, the 14A strain only presented the tRNA-PheU gene but not the hly, cnf, pap, and hra genes.
Discussion
In the present study, we analyzed the epidemiological relationship and presence of several virulence factors of E. coli isolates initially causing febrile UTI in men collected before and during follow-up after initial treatment with ciprofloxacin.
In contrast to the prevalent hypothesis that relapse dominates over reinfections in male UTI, our study demonstrated reinfections being the most common (67%). However, this observation does not exclude a prostatic focus, as more than one bacterial strain can be present there. 
hly, hemolysin; cnf, cytotoxic necrotizing factor 1; sat, autotransporter; hra, heat-resistant hemoagglutinin; pap and prs, P-fimbriae; ibeA, invasion of brainendothelium; sfa, S-fimbriae; foc, F1C-fimbriae; aer, aerobactin; iroN, catecholatesiderophore receptor
On the other hand, if too discriminating, small variations in time of the same strain may underestimate the number of relapses.
In a previous work carried out by our laboratory [7] , 32 E. coli clinical strains causing prostatitis were analyzed. The percentages of hemolysin, aerobactin, and yersiniabactin were similar to those found in the present study. However, the presence of P-fimbriae was different in both studies (44% vs. 70%). The obtained results support the observation that phylogenetic groups A and B1 present a lower content of virulence factors than phylogenetic groups B2 and D, with the latter groups being the most frequent in our study.
PAIs represent distinct large chromosomal regions that contain virulence factors and contribute to the evolution of bacterial pathogens [10] . PAIs meet the following criteria: contain virulence genes; consist of large genomic regions from 10 Kb up to 200 Kb; are relatively unstable; have different G+C content relative to that of the core genome; are associated with tRNA genes; contain mobile genetic elements (insertion sequences, transposons, integrases, and bacteriophage DNA); are flanked by direct repeat sequences and have a mosaic-like structure composed of smaller segments of DNA, possibly acquired at different stages via horizontal gene transfer [19] . These PAIs are especially important in processes leading to new bacterial pathotypes as the incorporation of a PAI can, in a single step, transform a normally benign organism into a pathogen [20] . However, to date, neither the mechanisms underlying the mobilization and transfer of PAIs nor the evolution of PAIs within a certain bacterial species are well understood.
The loss of PAIs in UPEC associated with different environmental conditions has been demonstrated [21] . The capacity of ciprofloxacin to favor the partial or total loss of these PAIs has also been reported [9] . In this study, we present an example of this mobile genetic element acquisition. The original isolate did not show hemolytic capacity or the other genes contained in PAI-I, such as cnf and pap. Other genes acquired by the 14F isolate were: aec-63, which is contained in the genomic island AGI-3 (Avian pathogenic E. coli Genomic Island 3), a DNA region inserted at the 3′ end of selC. AGI-3 is 49,600 bp long and contains two direct repeats. This island was predicted to contain 40 open reading frames (ORFs), numbered sequentially from aec-33 to aec-80 (aec for avian E. coli). The aec-63 gene encodes for a hypothetical protein YfjI in E. coli CFT073, whose function remains unknown [22] . The excision of the aec-63 gene from this island could be due to the similarity of the aec-64 gene with the prophage CP4-44 [23] , whose excision from the chromosome could be activated by the presence of quinolones during the treatment.
F17 pili were also acquired by the 14F isolate. This pili is 3 nm wide, flexible, wire-like organelles of enterotoxigenic E. coli built up of the major pili F17-A and exposing the F17-G adhesion at their tips [24] . The appearance of the F17 fimbriae is similar to that of the tip fibrillum of type I and P pili. All are assembled on the cell surface via the chaperone/ usher pathway [25] . The acquisition of these pili increases the adhesive capacity of this isolate.
AgaR encodes a negative regulator of transcription of the genes within the aga gene cluster (agaZVWEFASYBCDI), which encode proteins needed for the transport and utilization of N-acetylgalactosamine and galactosamine as sole sources of carbon. The agaR repressor (AgaR) belongs to the DeoR/GlpR family of transcriptional regulators [26] . AgaR may also regulate positively genes functioning in the synthesis of N-acetylgalactosamine for incorporation into lipopolysaccharides [27] . The acquisition of this gene could have a role in the bacteria metabolism; however, further Table 4 Factors acquired by the 14F E. coli strain Fig. 2 Pathogenicity island (PAI) structure studies are needed in order to elucidate why this acquisition had taken place. Therefore, the 14F isolate acquired one PAI, which seems to be similar to the PAI-II of the E. coli J96 strain, containing the hly, cnf, hra, and the pap genes. Moreover, this isolate had acquired other virulence genes which could increase its virulence capacity.
Two scenarios may explain this: (i) two populations of the same strain, one with and another without a PAI, were presented in the intestinal tract. However, the strain presenting the PAI had a very low density and (ii) the acquisition of the PAI by the 14F strain from the recently incorporated strains (14 H, I, or J) to the intestinal microbiota. This last hypothesis may be due to the fact that the PAI found in the fecal strains collected at the same time as the 14F strain were similar to the PAI acquired by this urinary strain.
In conclusion, the results obtained showed that, in our patient, reinfection was more common than relapse. Furthermore, the horizontal transfer of virulence factors contained in PAIs had taken place, although the loss of the PAI in strain 14A cannot be ruled out. However, these results suggest that these events can occur "in vivo" in the intestinal tract and allow the bacteria to become more virulent and, thereby, cause greater damage. The acquisition of virulence genes by horizontal gene transfer is an ongoing process of evolution that continuously leads to new bacterial pathotypes. 
